In Chile, sand tailings dams represent the most common deposits of mining residues. These structures present a potential risk in terms of mechanical instability due to their potential susceptibility to seismic liquefaction. In order to manage these risks, it is necessary to take a probabilistic approach, thus accounting for inherent variability of material properties. However, in practice, implementing such an approach is impeded by the difficulty of acquiring and managing the data to be used in the reliability calculations and is conditioned by the relevance of the probabilistic models chosen to represent this variability. This paper proposes a method for onsite determination of the tailings relative density (DR%), and its variability, using dynamic penetration tests. This method was applied to typical Chilean sand tailings dams, and proposes a single model for all such tailings dams by associating a probability model to the variation of DR%. Finally, the validity of this approach is demonstrated by performing a reliability calculation of liquefaction potential (which is the main cause for the failure of this type of structure in this country) for a particular sands tailing dam.
Introduction
In Chile, sand tailings dams represent the most common deposits of mining residues. This is the case for copper, for which the coarse fraction (fine sands) of the tailings form the body of the dams, while the fine saturated fraction (sludge and silts) is poured by cycloning into the reservoirs of the dams thus formed. Chile has a very large number of tailings dams built in this way. A survey done in 2010 by the National Service of Geology and Mining (SERNAGEOMIN) showed the existence of 449 deposits of tailings, mainly distributed in the northern and central regions of Chile. Approximately 70% of them were dams constructed using cycloned sands tailing (Villavicencio, Espinace, Palma, Fourie, & Valenzuela, 2014) . Due to the construction methods and materials used, these dams have historically been associated with some catastrophic failures. In Chile, failures have mainly occurred due to seismic liquefaction with flow failure (true liquefaction), slope instabilities with seismically induced deformations, and overtopping (Villavicencio et al., 2014 ).
These failures pose major risks for the surrounding populations and the surrounding environment. In order to provide a robust strategy for managing the potential liquefaction risk, use of a probabilistic approach is an attractive option. However, applying such an approach in practice is limited by the difficulty of obtaining and managing the data (random variables and stochastic fields) to be introduced into the reliability calculations and is conditioned by the relevance of the probability models chosen to represent the variability of sand tailings dam properties (Villavicencio, Breul, Bacconnet, Boissier & Espinace, 2011; Villavicencio, Breul, Espinace & Valenzuela, 2012) . In this article, we propose a method to estimate on site the sand tailings relative density (DR%) and its variability, using dynamic penetration tests. This method, applied to Chilean dams constructed from copper sand tailings, proposes a single model for all such sand tailings dams to associate a probability law to the DR%. Finally, the validity of this approach is illustrated for the case of a simple probabilistic estimation of the liquefaction potential, which is dependent on the DR%, and which is the main cause of sand tailings dam failures in countries with high seismic activity.
Description of the problem: sand tailings dams risk and actual state in Chile
From the analysis of 38 failures of sand tailings dams recorded in Chile, between the beginning of the 20th century until 2013, Villavicencio et al. (2014) concluded that seismic liquefaction was responsible for 50% of cases, slope instability due to seismic strain for 32% and overtopping for 18%. Liquefaction occurs principally in sand tailings dams built with the "upstream" method and for dams of 5 to 35 m high. Moreover, this phenomenon was especially observed for the low and middle sized mining companies with a copper production capacity less than 3.000.000 ton/year. During the 1965 During the , 1981 During the , 1985 During the and 2010 earthquakes, in the region of Valparaiso, liquefaction occurred due to the same factors: lack of compaction, inappropriate geometry (dam slopes greater than 1.7:1; H:V), saturation of the sand tailings due to significant rainfall events and poor control of the slimes in the storage area.
During the past 40 years, Chilean standards (Supreme Decree DS Nº 96 of 1970 and DS Nº 248 of 2007), which govern engineering practice, proposed an improvement in the design and construction of sand tailings dams. Sand tailings dams have to be less than 250m high and adhere to construction rules adapted for seismic loading (as observed during the 2010 earthquake in the Region of Maule, Chile). However, the low and middle sized mining companies are generally not able to carry out these rules of construction. This is a key reason why a disproportionately high number of the 314 Chilean sand tailings dams (SERNAGEOMIN, 2010) , have a high risk of instability and an unknown safety factor.
State of the art
In situ estimation of relative density (DR%)
Objectives
In sand tailings with non plastic fines (size < 75 μm) the relative density (DR%) is a very important parameter, and is related to the in situ penetration strength (N, qd, qc, etc) , thus enabling a preliminary study of the static and dynamic stability of sand tailings dams and the evaluation of the liquefaction potential (Troncoso, 1986) . It provides an initial estimate of the state of compaction and of the associated mechanical behavior: dilatant or contractant.
The relative density (DR%) is greatly influenced by the physical and mineral characteristics of the particles (percentage < 75 μm), the arrangement of the grains and by the level of stress in-situ. Studies conducted by Troncoso (Troncoso, 1986) concluded that for sand tailings with a percentage of fines around 15%, with confining stress between 50kPaand 350kPa, a relative density (DR%) below 50%-60% is an indicator of contraction (densification). Under this condition, if the material is saturated or partially saturated, under seismic conditions the risk of liquefaction is real. On the other hand, the material will tend to a dilatant behavior for a relative density above these values. Verdugo & Bard (1995) and Verdugo (1997) conducted an analysis of the variation of the minimum and maximum densities (Vibratory and Proctor compaction) both with sand tailings and similar soils (sands and silts) with different percentages of fines. They concluded that an in situ relative density of 60% is a very reasonable compaction value, with a satisfactory mechanical behavior (dilatant) in structures that allow a certain degree of deformation, such as sand tailings dams. It should be emphasized that these criteria apply to the sand tailings for which they were derived; they do not, for example, necessarily apply to thickened tailings, which are usually non-segregating, thus resulting in a deposit generally having higher fines contents throughout the sand tailings dams. Thus to be able to estimate DR% in situ, as well as its variability is important for evaluating the mechanical behavior of sand tailings. In the following section of this paper a method of estimating DR%, based on penetration resistance is proposed.
Relations proposed for estimating relative density (DR%)
Estimating relative density (DR%) from the dynamic (qd) or static (qc) cone penetration resistance using empirical and semi-empirical relations, requires first normalizing qd and q c by a reference stress corresponding to atmospheric pressure (1.0 atm ≈ 100kPa ≈ 0.10MPa), using equation 1. According to Moss, Seed, Kayen, Stewart, & Der Kiureghian (2006) , this reference stress value is considered as reasonable if the depth/stress relation is taken into account.
Where: qc 1 = normalized cone resistance (kPa); qc = cone resistance (kPa); C q = normalization coefficient; p a = atmospheric pressure (1.0 atm); σ' v = effective vertical stress in atmospheric units; c = normalization exponent.
According to Salgado, Boulanger, & Mitchell (1997) and Moss et al. (2006) , the normalization coefficient is not only linked to the intrinsic properties of the soil (mineralogy, granulometry and particle shape and texture characteristics), but also to its state variables such as lateral pressure, cementation, vertical effective stress (σ' v ), mainly depends on the relative density (DR%) of the material. On the basis of studies performed by Olsen & Mitchell (1995) and Salgado et al. (1997) , by considering the nature and variability of the state of compaction expected of sand tailings in situ, we used a value ranging from 0.5 to 0.75 for the normalization exponent "c".
Other works have highlighted the existence of a relation between relative density (DR%) and static cone resistance (qc) for sands whose physical properties are close to those of the sand tailings studied here (Tatsuoka, Zhou, Sato, & Shibuya, 1990) . These relations have been established on the basis of tests performed in a calibration chamber. From these studies, using static cone penetration resistance tests to obtain DR% may be viable but the precise estimation of the variability of DR% requires a large number of drillings. However, due to the constraints relating to this test, the number of soundings performed for each site is often limited. This is why we have developed a method for obtaining DR% based on dynamic cone penetration resistance measurements (qd).
Methodology Estimation of relative density (DR%) from dynamic cone resistance measurements (qd)
Our study is based on the use of the dynamic cone penetration resistance (qd) parameter used as a random variable, which is obtained by using the Panda test. The Panda device is a manual, light, dynamic penetrometer with variable energy and a small cone section (2.0 or 4.0 cm2) (Chaigneau, 2001; Villavicencio et al., 2012) , which provides the cone resistance qd of the soil as a function of depth, and is capable of performing a large number of tests in situ thanks to its small size and its quick implementation. This device can operate to a depth of 6m and for materials having particles smaller than 50mm. It is possible to measure soil resistance up to 30MPa. A series of Panda tests carried under controlled laboratory conditions in a calibration chamber were performed on sand tailings coming from three different dams. The following procedure was used: a) Determination of the physical characteristics of the three samples of sand tailings (Table 1) . b) Perform dynamic cone penetration tests in a calibration chamber for different values of density to obtain the relation γd/qd (calibration curve). Figure 1 gives the calibration curves γd/qd obtained for sand tailings dam No. 1, No. 2 and No. 3. A logarithmic relation can be observed, in agreement with previous results (Chaigneau, 2001 ) for this type of material. c) Normalization of the dynamic cone resistance qd by atmospheric pressure (qdN1), with Cq ≤ 1.70 (Equation 1). d) The equivalence between the density (% Standard Proctor) and the relative density (DR%) was estimated for each calibration test. On the basis of the normalized dynamic cone resistance (qdN1), and by considering the classification adapted by Espinace, Villavicencio, & Lemus (2013) , we estimated the DR% associated with each degree of compaction (Table 2 ). e) An empirical model was adapted by using a simple regression on all the pairs of experimental data (qdN1, DR%) for the three samples of sand tailings. Since we consider that sand tailings can be classified within a single geotechnical class, it is possible to estimate DR% as a function of the resistance qdN1 by a single relation. The model used is given by the following equation: Figure 2 shows that the results of the model are very close to the experimental results. In addition, the relation proposed by Tatsuoka et al. (1990) was used by replacing qcN1 by qdN1. Figure 2 shows that the experimental points obtained by the dynamic penetrometer are also close to those calculated by using the expression provided by Tatsuoka et al. (1990) . This result is in full agreement with work previously carried out on the correlation between qc and qd obtained with a Panda penetrometer. Indeed, it has been proven (Chaigneau, 2001; Lepetit, 2002) that in the case of sands and silty sands, the average value obtained for the ratio qd/qc is equal to 1.03.
More recent research performed by Rahim, Prasad, & George (2004) confirmed the relation between qd and qc. Their results obtained for granular soils have been demonstrated experimentally and analytically on the basis of the cylindrical cavity expansion theory and that of cavitation collapse. The resistance qd obtained with a light Panda penetrometer can therefore be assimilated with qc. In summary, in the case of sand tailings: (1) relative density (DR%) can be deduced very precisely from the normalized dynamic cone penetration resistance qdN1 by a single relation, (2) the relation qdN1 = qcN1 is very well validated which allows using either static or dynamic penetrometers according to need. 
Variability of relative density (DR%) and associated mechanical behaviour
On the basis of Equation 2, it is possible to estimate the profiles of the relative density (DR%) as a function of depth from the penetrometer tests performed in situ (Fig. 3) . The adaptation of the correlation presented in Table 2 allows estimation of the mechanical behaviour of sand tailings as a function of DR%. At the scale of the sand tailings dam and scale of each penetration test studied separately, the distribution of all these DR% values can be adjusted by a normal probability model (see Fig. 4a and 4b) . The results obtained agree with the compaction tests performed during the construction of the three sand tailings dams. 
a)
b)
The density function makes it possible to obtain a global idea of the mechanical behavior of the stored sand tailings, by considering the limit value of DR%, which permits classifying contractant or dilatant behavior and associating in a qualitative way the liquefaction potential. As an example, Table 3 presents a probabilistic analysis at the sand tailings dam scale of the variability of DR% and the mechanical behavior for the sand tailings dam No 1. The results are similar for the three dams. The variability of DR% and the associated soil mechanics behavior, allows a first stage estimate of the liquefaction potential of sand tailings by statistical/probabilistic analysis performed considering the set of measures available for all dams or for each penetration test. Additionally it allows identification of the zones with lower strengths through a layer by layer penetration test.
Probabilistic estimation of liquefaction potential
Determination of DR% provides an estimate of the mechanical behavior (contractant or dilatant) and liquefaction susceptibility of the sand tailings under seismic loading (Troncoso, 1986 ). An evaluation of the risk of liquefaction has been expressed in an equation formulated by Seed & Idriss (1981) . The classical method compares the ratio of the cyclic resistance of the soil (CRR) with the ratio of the cyclic shear stress ratio (CSR) stemming from seismic stress. The notion of liquefaction potential is therefore linked to the occurrence of the ratio CRR/CSR being lower than unity. It is widely accepted that estimating the cyclic resistance ratio (CRR) on the basis of dynamic and static penetration tests (Robertson & Wride, 1998; Boulanger & Idriss, 2004) , requires taking into account the influence of vertical stress (σ'v) and static shearing stress (α) on the CRR values by using correction factors.
Relation used to estimate the CRR ratio from static (qc) and dynamic (qd) cone resistance
The relation proposed by Robertson & Wride (1998) to estimate the cyclic resistance ratio (CRR) of clean sands as a function of qcN1, was obtained by using a large compilation of existing data on the sites where superficial liquefaction effects had and had not been observed. In the case of silty sands with a percentage of fines higher than 5%, these authors proposed reducing the normalized resistance values (qcN1 or qdN1) to an equivalent value of clean sand (qcN1cs or qdN1cs), by using a correction factor linked to the percentage of fines (Kc). The normalized and corrected cyclic resistance ratio (CRRσ=1, α=0) as a function of qc1Ncs is given by the equation: 14 The method proposed by Robertson & Wride (1998) to evaluate liquefaction potential is applicable if the value of their Ic index (soil behavior type index) is less than 2.60. Classification of the material is always possible in the case of sand tailings used for building the body of a dam. Invariably, the nature of this type of material leads to its classification as a fine sand, a silty sand or a sandy silt, mainly as a function of the quantity of fines. By considering that Ic can be expressed as a function of the percentage of fines, as has been proposed by Robertson & Wride (1998) , we have obtained a relation between FC% and Ic from the results of sand tailings stored in experimental dams, by using the following relation (equation 4):
Where: Ic is the soil behavior type index; FC% is the percentage of fines smaller than 75 (µm). Therefore it is possible to apply the correction factor (Kc) proposed by Robertson and Wride (1998) and expressed as a function of Ic. In our case, the ratio CRRσ=1, α=0 is obtained from qdN1cs.
Corrections to the cyclic resistance ratio CRR
To correct the effect of vertical stress and static shearing stress (in the case of sloping ground), Boulanger & Idriss (2004) proposed introducing adjustment factors Kσ and Kα in the calculation of CRR, with CRR = CRRσ = 1, α = 0 Kσ ⋅ Kα. Ratio CRRσ=1, α=0 is defined as the cyclic resistance ratio for a ratio of stresses (σ'v / pa = 1) and for a ratio of horizontal static shearing stresses equal to zero (α = τ / σ'v). To quantify the adjustment factors (Kσ and Kα), considering the influence of relative density (DR%) and confining stress (σ'v), we used the relations proposed by Boulanger & Idriss (2004) Where: ξR = relative state index; Q = empirical constant dependent on the mineralogy and potential particle breakage (sand tailings, Q = 9); K0 = lateral pressure coefficient; σ'v = vertical effective stress (atm); pa = atmospheric pressure (1.0 atm); DR = relative density.
Use of ξR is a practical way to account for the influence of the relative density (DR) and the effective vertical stresses (σ'v) on the CRR ratio.
Estimation of normalized cyclic stresses (CSR) M=7,5
To estimate the seismic stress ratio (CSR) normalized at a number of cycles equivalent to an earthquake of a magnitude 7.5 (CRS)M=7.5, we used the relation proposed by Seed & Idriss (1981) and the work of Idriss (1999) , given by equation 6. Where: (CSR)M=7.5 = cyclic stress ratio for an earthquake of magnitude 7.5; MSF = magnitude scaling factor (Idriss, 1999) ; amax = maximum horizontal acceleration at the ground surface; g = acceleration of gravity; rd = stress reduction coefficient (Boulanger & Idriss, 2004) ; σv = vertical stress (kpa); σ'v = effective vertical stress (kPa).
Case of application
To validate the proposed methodology, we analyzed another sector of the sand tailings dam No. 1. The steps of the method used are as follows: a) General information on the sand tailings dam No. 1 (Table 4) . b) Generation of geotechnical data: the inspection points for performing the in-situ penetration tests were positioned in sectors where the controls have been performed during the dam filling phase. The profiles of the analysis were defined by considering the most unfavorable height and slope of the dam. The Panda dynamic penetrometer was used for the in-situ tests in the dam body carried out at specific geotechnical inspection points. c) Relative properties and unit weights of the sand tailings stored (Table 1) . d) Estimation of maximum acceleration (amax): the maximum acceleration (amax) of the project is equal to 0.358g. e) Variation of normalized cyclic stresses (CSR)M=7.5: by considering that the cyclic constraints are evaluated for an earthquake of constant magnitude and maximum acceleration, the variability of (CSR)M=7.5 depends on the variability of the stress reduction coefficient (rd) as a function of depth and the ratio of local vertical stresses (σv /σ'v). For a given depth, the ratio σv /σ'v only depends on the variability of the density in-situ and the location of the phreatic surface. We then plotted the ratio (CSR)M=7.5 as a function of depth, for the minimum, average and maximum values of the ratio σv /σ'v obtained experimentally, which will be introduced later in the calculation of the liquefaction Factor of Safety (F.S). f) Estimation of the cyclic resistance ratio CRRσ=1, α=0: the analyses were performed, by considering the entire group of experimental data, and at for each test point. The following tables present the results of the statistical analyses performed. An analysis of histograms of groups of CRRσ=1, α=0 values obtained at was performed in order to examine approximately if the general morphology of the histogram is compatible with a theoretical distribution. The results obtained are presented in Table 5 . The results, allow a quantification of the variation of the cyclic strength coefficient of the stored sand tailings, at the dam level and at the layer level detected at each test point. This variation is the result of the variability of the particle sizes, of the unit weights and the corresponding estimated relative density (DR%). g)Estimation of the factor of safety (F.S): on the basis of the corrected and normalized cyclic resistance ratio (CSR)M= 7.5, obtained, the F.S against the occurrence of liquefaction is estimated. An analysis of histograms of F.S values obtained permitted an examination of whether the groups of data are compatible with a theoretical distribution function ( Fig. 5a and 5b ). The groups of F.S data stemming from sand tailings dam No 1 are reasonably well represented by a log-normal probability model. By using the distribution laws chosen, the probability of triggering the liquefaction phenomenon is obtained as the proportion of points for which FS < 1.0. The results of statistical/probabilistic analyses obtained for all tests and for each test point, are presented in Table 6 . 
Synthesis of results
On the basis of the results obtained, we showed that: -the method proposed for estimating liquefaction potential allows an evaluation of the probability of triggering this phenomenon, based on the variability of the geotechnical characteristics with the depth of sand tailings, in particular the resistance to penetration (qdN1), relative state index (ξR) according to the relative density (DR%), and associated mechanical behavior (dilatant or contractant), -the results obtained on sand tailings dam No.1 (average height of 25.0m and downstream slope 1:3.5 V:H) , agree with the construction method employed and highlight its influence. Indeed, the high probability of failure due to liquefaction (F.S. < 1,0) presented for the sand tailings dam analyzed, can be explained as the result of the sum of the following key factors: -the sand tailings present in some sectors had a percentage of fines (< 75 µm) of more than 30%. This can be explained as a consequence of the wrong cyclone process being employed at this operation.
-the layers identified from the analysis of the signals obtained from in situ Panda tests, show a layer thickness of at least 1.5m.
-the retaining dyke of the dam was only compacted by using a bulldozer, which resulted in practically no influence on the degree of compaction.
-the degree of in situ compaction is very low to average, as was shown in the Panda tests through the values obtained from the in depth relative density test. In the analyzed sectors DR% was below 60%, with a contractant mechanical behavior, and thus potentially liquefiable.
-this work does not take into account the hydraulic head or the actual water content at different depths. Thus the calculation must be corrected by the actual moisture content with depth data. However, on the sand tailings dam No 1, the historical records of the piezometers do not show the existence of water, thus no correction was necessary.
-the analysis performed at a sand tailings dam level gave an overall idea of the liquefaction potential of the retaining dyke. At the scale of the volume covered by the penetration test used, the condition required for the risk analysis is that the phenomenon has to extend over a larger volume (e.g. to greater depth). Therefore, the probabilities calculated on the basis of the test points that liquefy locally do not fully reflect the actual risk of liquefaction. However, seeking the volume of influence was outside the scope of this work; analyses a calculation profile composed of a series of penetration tests permit estimation of potentially liquefiable areas by extrapolating their extension.
Conclusion
It is suggested that it is necessary to carry out a probabilistic prediction of the behavior of sand tailings dams in order to manage the inherent risks. However, in practice, implementing this type of approach is limited by the difficulty of acquiring and managing the data to be used in reliability calculations. This paper proposed a method for estimating the in situ relative density (DR%) and its variability, making it possible to carry out a probabilistic study of sand tailings dams stability. A single model was proposed for all similar mine tailings dams in Chile, with a view to linking a probability law to relative density (DR%) variation and the associated mechanical behaviour. A method was proposed that takes into account the variability of data for performing a reliability calculation of liquefaction potential, the latter being the main cause for the failure of sand tailings dams.
On the basis of the results obtained, we showed that the proposed method for estimating liquefaction potential at sand tailings dam and test point levels permits an evaluation of the probability of triggering this phenomenon, by using the variability of the geotechnical characteristics of sand tailings and resistance to penetration (qdN1) in particular. A study of the spatial variability using models of random fields or analysis of variance reduction, is proposed as a continuation of this work.
